There is a need for new approaches for the control of influenza given the burden caused by annual seasonal outbreaks, the emergence of viruses with pandemic potential, and the development of resistance to current antiviral drugs. We show that multivalent biologics, engineered using carbohydrate-binding modules specific for sialic acid, mask the cell-surface receptor recognized by the influenza virus and protect mice from a lethal challenge with 2009 pandemic H1N1 influenza virus. The most promising biologic protects mice when given as a single 1-μg intranasal dose 7 d in advance of viral challenge. There also is sufficient virus replication to establish an immune response, potentially protecting the animal from future exposure to the virus. Furthermore, the biologics appear to stimulate inflammatory mediators, and this stimulation may contribute to their protective ability. Our results suggest that this host-targeted approach could provide a front-line prophylactic that has the potential to protect against any current and future influenza virus and possibly against other respiratory pathogens that use sialic acid as a receptor.
drug discovery | recombinant protein therapy I nfluenza viruses continue to be a threat to human health and a burden on health services (1) . The emergence of highly pathogenic H5N1 viruses and recent introductions of H7N9 viruses from avian sources (2) , and their potential to acquire human transmissibility, increase the threat (3) (4) (5) . Although vaccines remain a cornerstone of prevention, significant time is required to develop an effective vaccine against a new virus strain. Antiinfluenza drugs approved by the Food and Drug Administration, such as the viral neuraminidase inhibitors oseltamivir (Tamiflu) and zanamivir (Relenza) and the M2 ion-channel blocker adamantanes (amantadine and rimantadine), are available, but their effectiveness can be compromised by the virus's ability to mutate and become drug resistant (6, 7) .
The influenza virus binds to sialic acid receptors present on the respiratory tract epithelium via its surface HA glycoprotein, an event that triggers viral endocytosis (8) . Other respiratory pathogens, such as parainfluenza viruses (9) , some coronaviruses (10) , and Streptococcus pneumoniae (11) , also use sialic acid as a receptor. Human influenza viruses such as the 2009 pandemic H1N1 virus recognize α-2,6-linked sialic acid receptors present in the upper respiratory tract, whereas avian influenza viruses such as H5N1 predominantly recognize α-2,3-linked sialic acid receptors, which are present in the human lower respiratory tract as well (12, 13) . The recently emerged human H7N9 influenza virus is unusual in recognizing both types of receptors and therefore has the possibility of sustained human-to-human transmission and pandemic potential (14, 15) .
We hypothesized that masking such receptors in the respiratory tract with proteins specific for sialic acid could provide a novel host-targeted therapeutic route to prevent infection. Numerous sialic acid-binding proteins are known, but most have low affinity for sialic acid (e.g., the HA monomer that has ∼2.5 mM affinity for its receptor but gains affinity by being present in high copy number on the virus surface) (16) . We have shown previously that engineered multivalent polypeptides containing up to four tandemly linked copies of the sialic acid-recognizing carbohydrate-binding module (CBM) from Vibrio cholerae nanH sialidase display low (nanomolar) binding affinity compared with the 30-μM affinity of the single domain (17) .
Here we report the engineering and characterization of further sialic acid-recognizing multivalent CBMs (mCBMs) together with in vitro and in vivo evidence of their potential in preventing influenza infection. Significantly, our lead mCBM demonstrates protective in vivo efficacy when given to mice as a single 1-μg dose 7 d in advance of a lethal virus challenge with pandemic 2009 H1N1 influenza virus, indicating that these mCBMs show great promise as biologics for the prophylaxis of influenza and potentially other respiratory pathogens that recognize sialic acid receptors.
Results
Design, Engineering, and Characterization of Biologics. Multivalent sialic acid-binding proteins were engineered using either the sialic acid-binding domain from V. cholerae NanH sialidase (18) (VcCBM) (Fig. 1A) or the homologous domain from S. pneumoniae NanA sialidase (SpCBM) (Fig. 1B) . Multivalency was achieved either through tandem repeats (17) or by fusing one or two tandemly linked CBM domains to an oligomerization domain (TD) derived from Pseudomonas aeruginosa sialidase (Fig. 1C) (19) ,
Significance
We have developed a new class of host-targeted biologics to prevent influenza by engineering multivalent carbohydratebinding modules that bind with high affinity to sialic acid, the critical component of the influenza virus cell surface receptor. Mouse studies reveal a remarkable efficacy: a single 1-μg dose of the lead biologic given 7 d before a lethal challenge with 2009 pandemic H1N1 influenza virus provides complete protection. This new approach has the potential to be a frontline defense against any current and future influenza virus, overcoming viral escape to vaccines and antivirals. In addition, the biologics may have broader application against other respiratory pathogens.
a domain that self-associates to form a trimer. In all constructs, domains were linked using a five-amino acid peptide sequence (Table S1 ). To assess the binding affinity of the multivalent forms of VcCBM and SpCBM to sialic acid, surface plasmon resonance (SPR) was performed using an immobilized biotinylated α-2,3-sialyllactose-polyacrylamide ligand. All mCBMs bind sialic acid with high affinity, with dissociation constants <2 nM at 25°C, showing that they gain affinity through an avidity effect ( Fig. 1D and Table S2 ). Glycan array screening of VcCBM (17) and SpCBM (Fig. S1 ) showed that they recognize glycans containing terminal α-2,3-or α-2,6-linked sialic acids, and crystallographic analysis with bound sialyllactose reveals that only the terminal sialic acid interacts with each domain (18) .
To confirm that mCBMs target cell-surface sialic acids, MadinDarby canine kidney (MDCK) and human lung carcinoma A549 cells were either left untreated or treated with a broad-specificity sialidase using the catalytic domain of S. pneumoniae NanA sialidase (20) before incubation with the hexameric forms, Vc2CBMTD and Sp2CBMTD, followed by immunostaining with Alexa Fluor 488-labeled anti-rabbit IgG antibody. Live imaging studies showed that both hexameric CBMs bind specifically at the cell surface of both cell types and that binding was largely abrogated after cells were pretreated with the promiscuous sialidase to remove sialic acids (Fig. S2A ). This result was verified further by quantification of the GFP-fluorescence intensity of sialidase-treated and untreated cells (Fig. S2B) .
In Vitro Testing of Biologics Against Influenza Viruses. The ability of the mCBMs to block virus infection was tested first in vitro (Table S3) We also tested the effect of mCBMs on MDCK cells over a period of 24 h to determine cell viability and found that these proteins were well tolerated at maximum feasible concentrations (5 mg/mL) when measured against a sodium azide control group (Table S3) . Moreover, the therapeutic index calculated for each mCBM demonstrated values from 9 to 119, indicating that these biologics could be tolerated in vivo. mice. Vc4CBM (500 μg) was administered intranasally as a single dose immediately before viral challenge. The Vc4CBM-treated mice survived and regained weight after a small initial weight loss with a two-logarithm reduction in lung virus titers 7 d post inoculation (p.i.) ( Fig. S3 A and B) . This initial promising result led us to explore the protective effects of the trimeric (VcCBMTD, SpCBMTD, 400 μg) and hexameric (Vc2CBMTD, Sp2CBMTD, 100 μg) forms given intranasally 1 d before a lethal challenge with A/WSN/1933 (H1N1) virus (Fig. S3 C and D) . Of the four mCBMs, the hexameric forms showed almost no detectable virus in lungs at 7 d p.i., with Sp2CBMTD-treated mice demonstrating negligible weight loss (Fig. S3C) . In contrast, VcCBMTD led to a higher viral titer and a greater weight loss than seen in the control; this result may have been caused by an impure preparation. At this point we decided to focus on the hexameric forms because of their greater efficacy. We subsequently evaluated the biologics in BALB/c mice in challenge experiments against lethal doses [10 times the 50% mouse lethal dose (MLD 50 )] of mouse-adapted A/California/04/2009 (H1N1) pandemic influenza virus, exploring single intranasal doses (10, 50, 250, or 500 μg) of Vc4CBM, Vc2CBMTD, or Sp2CBMTD given on day −1, 0, or +1 (day 0 being the day of viral challenge). Survival studies continued to day 21 p.i. (Fig. 2) . None of the mCBMs protected mice when given 24 h after a lethal viral challenge (Fig. S4) . When administered on day −1, Vc4CBM (500 μg) gave only 40% survival. When administered on day 0, Vc4CBM (500 μg) gave 100% survival, in line with the A/WSN/1933 (H1N1) virus challenge, but gave only 40% survival at lower doses. In contrast, when administered as single doses on day −1 or day 0, the hexameric forms gave significant protection compared with untreated, infected mice. Vc2CBMTD gave 80% survival at the lower doses of 10 or 50 μg. Sp2CBMTD provided the best protection, with all mice surviving at all doses administered on day −1 and all mice surviving after administration of the 50-or 250-μg dose on day 0 and 60% surviving at the 10-μg dose. All animals that survived virus challenge lost weight during infection, reaching a maximum loss around day 8 p.i., but soon started to regain weight after this period; the most beneficial results were observed when Sp2CBMTD was administrated at a 250-μg dose on day 0 (Fig. 2B) . We next explored the effect of repeat dosing with Sp2CBMTD administered further in advance of infection. Single 50-μg doses of Sp2CBMTD were administered intranasally to BALB/c mice once, twice, or three times up to 1 wk before a lethal challenge (10 MLD 50 ) with mouse-adapted A/California/04/2009 (H1N1) virus on day 0. There was 100% survival with all dosing regimens, and, strikingly, there was little or no weight loss when two or three doses were administered (Fig. 3A) . Then the lowest effective dose of Sp2CBMTD was explored. Single 10-, 1-, or 0.1-μg doses of Sp2CBMTD were administered on day −7, −3, or −1 in advance of a lethal challenge with mouse-adapted A/California/ 04/2009 (H1N1) virus on day 0. All mice survived the 10-and 1-μg dosing regimens. Significantly, even a single 1-μg dose given on day −7 resulted in a maximum weight loss of only 8% on day 8 p.i., which soon was restored (Fig. 3B) , with mice continuing to thrive with no adverse clinical signs to day 21 p.i.. In contrast, at 0.1-μg dosing, 80%, 20%, or 0% of mice survived when Sp2CBMTD was administered on day −1, −3, or −7, respectively (Fig. 3B) , suggesting that the timing and dosing of mCBM administration are significant in determining the level of protection in mice given lethal doses of influenza virus. Administration of these low doses did not result in the initial weight losses observed when higher doses were given in the earlier studies (Fig. S3) , suggesting greater toleration at low dose. Viral lung titers measured on days 3, 6, and 9 p.i. showed that virus had cleared from the lungs by day 9 in mice given single 50-and 10-μg doses, whereas virus titers in mice given 1-and 0.1-μg doses were similar to those in control (infected, untreated) mice (Fig. 3C) . Significantly, high titers of serum anti-HA antibodies were present in surviving mice after treatment at all dosing regimens, with reciprocal HA inhibition titers ranging from 160-320 with repeat dosing and from 320-640 with single dosing, suggesting that viral replication is sufficient to elicit an immune response.
Detection of Biologics in Lung Tissue. To determine whether mCBMs target cell surfaces in the lung, tissue from mice intranasally administered a single dose of Sp2CBMTD (400 μg) and culled 1 d later was stained using anti-SpCBM and anti-IgG Alexa Fluor 488 antibodies. Sp2CBMTD was detected readily on the surface of lung alveoli epithelial cells (Fig. S5A) , demonstrating that mCBMs target cell surfaces along the respiratory tract. The in vitro studies suggest that this targeting is most likely to occur through binding sialic acid receptors. We then investigated whether Sp2CBMTD (50 μg), given as a pretreatment, can be detected in virally infected mouse lungs. Lung tissue from mice infected with a lethal dose of influenza A/WSN/1933 virus (5 × 10 3 pfu) and culled at day 2 or day 7 p.i. was stained for Sp2CBMTD. Immunofluorescence images of infected lung tissue demonstrated clear evidence of the presence of Sp2CBMTD in the lower respiratory tract with strong binding to alveolar epithelial cell surfaces of lung tissues on day 2 p.i. (Fig. S5B) . Lung tissue harvested at day 7 p.i. also showed the presence of Sp2CBMTD (Fig. S5B ), albeit at a much lower level.
Immunogenicity of the Biologics. One concern with using pathogenderived biologics is the potential for immunogenicity that may reduce the effectiveness of repeat administration. SpCBM and VcCBM were chosen specifically from human pathogens that may have evolved immunotolerance to the host. To determine if preexisting immunity to either of the single CBM domains is present in the human population, we carried out ELISAs using immobilized VcCBM and SpCBM antigens, human sera from a mixedage population of males and females, and an anti-human IgG-HRP conjugate. Analysis of all blood samples against positive adenovirus controls demonstrated that there were no significant levels of anti-VcCBM or anti-SpCBM antibodies in the pool of human sera tested (Fig. S6) . The generation of anti-SpCBM antibodies was explored in mouse sera (at day 21 p.i.) from the challenge study that used an intranasally administered single 10-μg or 1-μg dose of Sp2CBMTD and mouse-adapted A/California/ 04/2009 (H1N1) pandemic influenza virus as described above. Prophylactic administration of Sp2CBMTD was shown to elicit serum IgG, IgM, and IgA antibodies in a dose-dependent manner, with the 1-μg Sp2CBMTD dose eliciting negligible levels of serum IgA and IgM (Fig. S7) . Immunogenicity of the mCBMs may be an issue with repeat use, but the proteins could be modified to be less immunogenic if necessary (21) .
Stimulation of Inflammatory Mediators by the Biologics. The original hypothesis in the biologic design was the masking of sialic acid receptors; however, the remarkable protective ability of a single low dose (1 μg) of Sp2CBMTD given 7 d in advance of infection raises the possibility that the biologic also may prime the immune system into an antiviral state. Accordingly, we explored the induction of a limited set of inflammatory cytokines/chemokines by intranasal administration of Vc2CBMTD or Sp2CBMTD in mice and found that there is a significant difference between the two biologics, with Sp2CBMTD stimulating higher levels of IL-1β, MIP-2 (mouse homolog of IL-8), IFN-γ, and TNF-α than seen with either Vc2CBMTD or PBS (Fig. 4) . The S. pneumoniae CBM forms part of a larger region of the NanA sialidase that previously has been reported to stimulate certain cytokines in human and mouse brain cells (22) , although other segments of NanA may be responsible for this activity. It is possible that our biologics modulate cellular processes, including cytokine induction, that contribute to the protective ability of Sp2CBMTD, but the identification of these processes will require further extensive exploration.
Discussion
There is an urgent need for new therapeutic approaches to control influenza. Significant effort is being devoted to developing new vaccine approaches to influenza (23, 24) , new inhibitors of viral targets (25) , and novel strategies targeted at host factors (26, 27) . One host-targeted strategy is to suppress the availability of sialic acid receptors on the respiratory tract epithelium that are recognized by the influenza virus HA glycoprotein. DAS181 (Fludase) is a biologic formed by linking the catalytic domain of the promiscuous sialidase from Actinomyces viscosus to the epithelium-anchoring domain of human amphiregulin (28) . DAS181 removes sialic acids from the epithelial surface and, when administered intranasally, protects against infection with avian H5N1 and pandemic 2009 H1N1 viruses in mice (29, 30) . DAS181 is currently in Phase II development (27) . Clarithromycin, a macrolide antibiotic used to treat tonsillitis and pharyngitis, has potential as an influenza therapeutic; it reduces the expression of sialic acid receptors on the surface of airway epithelial cells and decreases the number of acidic endosomes in the cell, reducing viral endocytosis (31) .
In this study, we have demonstrated that masking sialic acid receptors using engineered high-affinity mCBMs based on the accessory sialic acid-binding domains from V. cholerae and S. pneumoniae sialidases can protect cells in vitro against infection from different strains of influenza A and B viruses. The mCBMs also conferred protection in vivo in BALB/c mice against lethal doses of the influenza A/WSN/1933 virus and of the 2009 pandemic H1N1 influenza A virus. This protection is most evident in studies performed using Sp2CBMTD with mouse-adapted A/California/04/2009 (H1N1) virus, with the biologic administered prophylactically as a single intranasal dose as low as 1 μg up to 7 d before viral challenge. Even prophylactic administration of a 0.1-μg dose of Sp2CBMTD afforded 80% protection when given the day before viral challenge. Although some weight loss occurred in the mice given these single doses, the repeat-dosing experiments using either two or three 50-μg doses suggest that regular dosing regimens at much lower levels of mCBMs may be the optimal regimen to minimize weight loss. Moreover, the generation of serum anti-HA antibodies observed in mice given mCBMs in advance or on the day of viral challenge suggests that, in addition to affording protection, the biologics allow "vaccination" to occur upon exposure to virus, potentially providing protection against future exposure. Interestingly, the mCBMs did not protect mice from influenza infection when administered as a single dose 24 h after lethal viral challenge. One explanation may be that viral HA levels were sufficiently high to compete for sialic acid-binding sites on the surface of respiratory epithelial cells, and that a single mCBM dose may not have been adequate to prevent further attachment and replication from newly formed viral particles. It is possible that an alternative dosing strategy could be considered as therapeutic treatment for influenza infection if mCBM dosing were administered more regularly in the early stages of infection.
In the current study, immunofluorescence of lung tissue demonstrated that only very small amounts of Sp2CBMTD, given as a single 50-μg dose, could be observed up to 8 d after administration. This finding suggests that a single lower dose, such as 1 μg given 7 d in advance, is unlikely to be effective in blocking a lethal viral challenge and suggests that other factors may contribute to Sp2CBMTD's efficacy. Interestingly, the enhanced stimulation of certain inflammatory cytokines and chemokines observed in mice given Sp2CBMTD in the absence of pathogen warrants further exploration to determine the extent to which this activity contributes to Sp2CBMTD's mode of action. Sialic acids are widely expressed on the surface of all cells in all vertebrates and are involved in regulating multiple cellular functions, including the development of immunity (32) . Intrinsic sialic acid-recognizing proteins, often themselves multivalent, are known to mediate and modulate cellular interactions (33) , so it is highly likely that Sp2CBMTD binds some as yet unknown receptor to elicit the modulation of the immune response.
We have demonstrated that biologics targeted to the mammalian host have certain advantages that merit further exploration. Our biologics have the capacity to bind to and mask different sialic acid receptors found in the upper and lower respiratory tract and therefore may provide protection throughout the human airway if a suitable delivery system is used. There are many challenges ahead in bringing these biologics to the clinic, but we believe that this class of therapeutics has the potential to be a powerful option for the control of influenza. The biologics have a possible broader application in blocking other respiratory pathogens that use sialic acid in pathogenesis, including S. pneumoniae, a leading cause of secondary bacterial infection often associated with influenza and responsible for increased morbidity and mortality (34) .
Materials and Methods
mCBMs. mCBMs were engineered using PCR-based cloning techniques. Constructs were propagated in Escherichia coli DH5a cells and were transformed into an E. coli BL21 Gold (DE3) expression host. Affinity and size-exclusion chromatography were used for purification of the mCBMs. Full details are given in SI Materials and Methods.
Detection of Sialic Acid Binding. SPR, glycan array screening, crystallography, and fluorescence imaging were used to establish the affinity, specificity, and cell-surface binding of mCBMs to sialic acids. Full details are given in SI Materials and Methods.
In Vitro Assays. Cell protection and virus replication inhibition assays were performed using MDCK cell monolayers incubated with mCBMs and different strains of influenza virus at 37°C. EC 50 values were determined from doseresponse curves. The viability of MDCK cells after addition of mCBMs also was assayed over 24 h. Fluorescence imaging of MDCK and A549 cells pretreated with mCBMs and infected with influenza virus was performed also. Full details are given in SI Materials and Methods.
Mouse Infection Studies. Mouse-adapted A/WSN/1933 (H1N1) and A/California/ 04/2009 (H1N1) influenza viruses were grown in MDCK cells and embryonated chicken eggs, respectively. BALB/c mice were lightly anesthetized with isoflurane before intranasal administration of mCBMs (given as a single dose on day −1, 0, or +1 or as repeated doses given once, twice or three times on days −7, −3, or −1) before a lethal virus challenge on day 0. Control (infected, untreated) and toxicity control (uninfected, treated) mice were tested also. Mice were weighed on the indicated days and assessed for visual clinical signs of disease. When necessary, lungs were harvested and were inflated for preparation of frozen tissue sections for immunofluorescence or homogenized in PBS and centrifuged. Clarified lung homogenates were tested for infectious virus as determined by plaque assays on MDCK cells and levels of cytokine/ chemokine using a commercial ELISA kit. Immune sera samples from mice surviving to day 21 p.i. were tested for the presence of anti-HA antibodies and anti-mCBM antibodies using a hemagglutination inhibition assay or ELISA, respectively. Full details are given in SI Materials and Methods.
